In conventional methods the sound velocity is determined by means of the back wall echo or a reflector at a known position. This paper presents a novel approach for combined measurement of sound velocities and distances in fluids with scattering particles. The basic idea is that the echo becomes strongest when the scattering particle is located within the maximum of the sound field, and thus the position of that maximum along the measuring depth is related to the according time of flight. The paper gives proof of concept by measurements in fluids covering a wide range of sound velocities with an ultrasonic transducer equipped with a lens. In a detailed measurement using water at different temperatures, an uncertainty in velocity determination of less than 0.1% was achieved. Further experiments and simulations with an annular array demonstrate that the focus position can be varied without moving the transducer and thus sound velocity profiles can be measured.
Introduction
Methods for non-invasive determination of sound velocity in fluids are of great interest in process control, environmental measurement technology and medicine, because sound velocity can be used as an indicator of temperature, concentration or mass density [1] [2] [3] [4] .
By now, the majority of methods assume the propagation path length to be known in advance of sound velocity determination [5] . The novel method introduced in this paper does not use a reflector at a specific position, but rather makes use of the reflected wave from the scattering particles contained in the fluid. Neither the propagation path length nor the sound velocity are known in advance, so that both measurands need to be determined in combination.
The basic idea about the novel method is that the information on focus position suffices to determine the sound velocity of the fluid and that in turn, sufficient information on the transducer's focus position is contained in the echo signals. Proof of concept for these statements is given by theory and experiment with a focusing transducer and an annular array.
Since annular arrays allow tuning the focus position, it is also possible to resolve the sound velocity spatially and thus achieve sound velocity profiles. By that way, spatially resolved information about sound velocity from inside the fluid can be gathered with hardly any effect on the technological process.
Discussion of feasibility on the basis of a circular piston transducer
In general, the sound field of an ultrasonic transducer depends on both the transducer parameters (geometry and elastic material parameters) and the sound velocity of the propagation medium. Instead of using solely the propagation time, a second measurand -the focus position -is used, here. The focus position is usually measured by using a point reflector, where the measurement exploits that the maximum of the echo signal is achieved when the point reflector is located in the focus. The z-coordinate Fok Med of the focus position is given by the sound velocity c and sound propagation time t by:
The relation between focus position and sound velocity for a circular piston transducer can be expressed analytically and is used to clarify the method, here. As can be derived with the Rayleigh integral, the focus position Fok of a circular piston transducer equals
where d is the disc diameter, -the wavelength in the propagation medium and f -the centre frequency of the transducer [6] [7] [8] . The focus position in the propagation medium ‫݇ܨ‬ 0HG results from the focus position in a calibration medium ‫݇ܨ‬ &DO by the following way:
For a piston transducer, the focus distance is inversely proportional to the sound velocity of the propagation medium. Therefore, by using equations (1) and (3), both the focus distance and the sound velocity in a medium with unknown sound velocity can be determined in combination by
without any further previous knowledge being required about the fluid. Unfortunately, a circular piston transducer is not suitable for measuring sound velocities reliably at high resolution. Since focusing is not strong enough, the time of flight to the sound field maximum cannot be detected safely. Therefore focusing transducers were used in the measurements.
Sound velocity measurements using a focusing ultrasonic transducer equipped with a lens

Measurements in different fluids covering a wide range of sound velocities
A series of measurements were carried out to proof the underlying concept. A strongly focusing ultrasonic transducer equipped with a lens was submerged into water and GaInSn (a liquid ternary metal alloy consisting of gallium, indium and tin), and the echo signal amplitudes (averaged over a multitude of measurements) were determined.
Figure 1
Comparison between averaged echo signal amplitude and focus position shows that the strongest echo signal is generated at the focus position.
Except for the metallic melt, which always contained enough natural impurities serving as scattering particles, all fluids were seeded with polyamid-12 powder with a particle size between 25 and 30µm. As Figure 1 shows, the focus positions for different media are clearly distinguishable, and good agreement can be stated between the measured echo signal amplitudes shown in the leftmost panel and the simulated sound fields depicted in central and the rightmost panel. (See [9] [10] [11] for an explanation of the simulation algorithms.)
Note that -unlike with the circular piston transducer -the focus distance Fok increases with sound velocity, here. The reason is that the refractive power of the lens decreases the closer the sound velocity c of the fluid approaches the sound velocity c Lens = 5930 m/s of the ultrasonic lens. Measurements of the same type were done in media with known sound velocities ranging between 1116 m/s and 2740 m/s ( Table 1) . The sound velocity values for the different media were taken from [12] [13] [14] [15] [16] [17] , where some values had to be interpolated with respect to temperature and concentration.
Fluid name T / °C
The corresponding measurements are depicted in Figure 2 and are compared to the sound field simulations. In the simulations the sound fields for a set of sound velocities were calculated, and the focus position was determined for each sound velocity. By converting the distances into the according times of flight, easier comparison between measurements and simulations was provided. Since the curve in Figure 2 is a monotonous function, the results are unambiguous. Thus, it can be used as a calibration curve for measurements in fluids with unknown sound velocity. In a measurement, the time of flight t SFM to the focus is measured, and the sound velocity is simply read off of the curve [19] [20] [21] . 
Measurements in water of different temperatures, providing high resolution
Comparable measurements with fine resolution of the sound velocity were carried out in water different temperatures. Temperature between 6°C and 70°C . By using temperature was kept within a range of around the nominal value.
The temperatures were converted into the sound velocity by using the 5 th order polynom published in [1] . The corresponding curve is depicted in Figure 3 . 
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The temperatures were converted into the sound order polynomial . The corresponding curve is Sound velocity of water as a function of can be seen in the uppermost panel of , the measured amplitude curves for the are clearly curve in the plot on the resolved excerpt Steps toward measuring sound velocity profiles using an ultrasonic annular array
Change of the focus position with an annular array
Measurements comprising synthetic focusing of an annular array were done in water with the sound velocity c = 1500m/s and a signal centre frequency of 9 MHz. The intended focus positions were 32, 40, and 50 mm.
A curved sparse annular array (see [18] ) with six active ring elements and five inactive rings was used ( Figure 5 ). Focusing was realised by synthetic focusing in receive mode, whereby only the central element was used as a sender. Focusing was realised in such a way that the echo signals of the different ring elements were time-shifted and added up. The time shifts were calculated so that constructive interference was achieved for the signal parts originating from the intended focus position. This was done to compensate the different path lengths from the sound focus to the elements. In the corresponding numerical simulations, the sound fields were calculated by summing up the phase-shifted fields of the transducer segments, where the phase shifts were adjusted on the basis of the nominal geometry of the sparse array.
The results (Figure 6 ) verify that focusing with an annular array works as well as employing a lens in combination with a plane single element transducer, and that the focus position can truly be varied. Because of the good quality of simulations, we expect feasibility of sound velocity profiles to be confirmed in future measurements. 
Calibration curve for the average sound velocity between transducer and focus position
One possible way to achieve a sound velocity profile is to vary the focus position stepwise and, for each step, determine the average sound velocity between ultrasonic transducer and focus position. The average sound velocity to the focus can then be determined with a parameterised function, one of which being shown as an example in Figure 7 . Here, the combination of intended focus position (defined by a set of time-shifts for the different ring elements) and the measured time of flight to the focus yield the average sound velocity to the focus position.
Figure 7
Calibration function for determination of sound velocity profiles.
Conclusion
A novel approach for non-invasive sound velocity measurement using scattering particles in a fluid is explained and demonstrated by theory and simulations. Good agreement between experiments and the numerical sound field simulations is found. The possibility to change the focus depth with an annular array allows measuring the sound velocity with local resolution.
This suggests that it is possible to measure velocity profiles along the axis of sound propagation without the need for any transducer movement. For that purpose, a calibration curve showing the average sound velocity between transducer and focus is given.
Corresponding measurements in layered media with differing sound velocities and for fluids with a temperature gradient are planned for the future. 
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